Alteration of the postnatal phenotype has sparked great concern about the developmental impact of culture media used at fertilization. However, the mechanisms and compounds involved are yet to be determined. 
Introduction
In humans and animals, several reports demonstrate that the culture media used at fertilization affects the developmental potential and may have postnatal consequences (Fernandez-Gonzalez et al. 2004 , Watkins et al. 2007 , Donjacour et al. 2014 , Kleijkers et al. 2014 , Morbeck et al. 2014 . Given the considerable use of in vitro fertilization (IVF) technologies in human, the elucidation of the developmental influence of the culture media remains a critical challenge.
In mammals, fertilization triggers a series of Ca 2+ oscillations, the number, frequency and duration of which are highly variable (Saunders et al. 2002 , Vanden Meerschaut et al. 2013 and which have an impact on the developmental processes (Ozil et al. 2006 .
In the present study, we used the ultra-sensitive nature of Ca 2+ oscillations triggered by fertilization as a quantitative marker to understand how media formulation alters egg functioning and could correlate with postnatal outcome.
The frequency of the Ca 2+ oscillations has been extensively used to characterize the Ca 2+ response at fertilization in mammals. This variable is however not accurate enough to describe the egg's response because the occurrence of Ca 2+ oscillations is neither strictly periodic nor chaotic. To assess the evolution of the time interval better, we used a linear regression method to define a new coefficient called TIbO (for time increments between oscillations) that most closely quantifies the time interval increase between two consecutive oscillations.
Considerable progress has been made in understanding how these Ca 2+ oscillations are generated, maintained and terminated following fertilization (Miyazaki 1995 , Kono et al. 1996 , Politi et al. 2006 , Swann & Lai 2013 , Kashir et al. 2014 , Dupont & Combettes 2016 . It is well established that the Ca 2+ response triggered by fertilization is determined by two decisive factors: firstly the dose of PlCζ brought into play by the incoming sperm that confers calcium-induced Ca 2+ release (CICR) excitability to the egg (Rice et al. 2000 , Saunders et al. 2007 , Sanusi et al. 2015 and secondly the transmembrane Ca 2+ influx that supports the persistence of Ca 2+ oscillations (Mohri et al. 2001 , Miao et al. 2012 , Takahashi et al. 2013 , Wakai et al. 2013 .
In this context, to explore the sensitivity of the Ca 2+ responses to various media formulations, we managed to fertilize a large number of mouse eggs by intra-cytoplasmic sperm injection (ICSI). We systematically recorded the whole Ca 2+ response in the presence of M16 or KSOM medium, which have the same chemical compounds but in different proportions (Whittingham 1971 , Biggers 1998 [BSA] o to identify their impacts on the time interval between oscillations. We conducted analysis to detect if the evolution of the time interval measured by TIbO is correlated with the total number of Ca 2+ oscillations, which provides a quantitative estimate of the work carried out by the egg (Ozil & Huneau 2001 , Ducibella et al. 2002 , Ozil et al. 2005 , Ducibella & Fissore 2008 according to medium formulation.
Finally, we explored whether the Ca 2+ responses set by M16 and KSOM media correlate with changes in postnatal growth and animal phenotypes.
Materials and methods

Ethics statement
Animal experiments were carried out in strict accordance with the recommendations of the Code for Methods and Welfare Considerations in Behavioral Research (Directive 86/609EC) and were approved by the Committee on the Ethics of Animal Experiments of the author's institution, permit number 12165 INRA.
Gametes production and collection
Female mice (C57BL/6 × CBA; 7-11 weeks old, Janvier, Le Genest, France) were superovulated by i.p. injection of 8 IU of PMSG (Chronogest Intervet) followed 48 h later by injection of 7.5 IU of hCG (Chorulon Intervet). Metaphase II oocytes were collected from the oviducts 15-16 h after hCG injection, and then placed in 0.1% hyaluronidase in Hepes buffered M2 medium (Sigma M-7167) in a Petri dish, to remove the cumulus cells. After washing and selection, oocytes were put into M16 medium under mineral oil (Sigma-M8410) and incubated under an atmosphere of 5% CO 2 in air at 37°C. When fertilized eggs were needed, females were caged overnight with F1 males. In vivo fertilized eggs were recovered 17 h after hCG injection and eggs that displayed two pronuclei (PNs) were subjected to experimental protocol. Spermatozoa from C57BL/6 × CBA males (8-12 weeks old, Janvier) were collected from the caudae epididymides and suspended in 2 mL of M16 (Kuretake et al. 1996) .
Culture media
M16 and KSOM media were made without EDTA, antibiotics or amino acid (Table 1) . ICSI media was made up of 134.0 mM KCl, 2.6 mM NaCl, BSA (4 g/L) and 0.6 µM cytochalasin D (Sigma C-8273). All inorganic and organic components were purchased from Sigma Chemical Company. When needed, NaCl was substituted for MgSO 4 or KH 2 PO 4 in the M16 formulation (Table 1) .
Intra-cytoplasmic sperm injection
Sperm heads were separated from their tails by applying ultrasonic pulse with the digital sonicator (Model DS 250 Ultrasonic Corporation, USA) (Kuretake et al. 1996) . Before ICSI, MII oocytes were maintained for 15 min in M16 with cytochalasin D to make the plasma membrane more malleable during ICSI intervention. Oocytes and sperm heads were placed together into ICSI media deprived of Ca 2+ ions under the stage of a NIKON TMD at room temperature. The micropipette containing one or two sperm head(s) were advanced through the oocyte plasma membrane and a puncture was made by using a piezo-pulse (Piezodrill Burleigh, USA) (Kimura & Yanagimachi 1995) . After release of the sperm head(s) into the cytosol, just as the pipette was being pulled back out of the zona, the part of the plasma membrane, made fluent by cytochalasin, was pulled into the pipette and squeezed against the zona with the tip of the pipette to mechanically seal the plasma membrane in the absence of external Ca 2+ (Fig. 1 ). Eggs were replaced in culture medium at 37°C in less than 3 min following ICSI. When Ca 2+ recording was carried out, sperm injections were given in ICSI medium supplemented with 500 µM of Fura 2 Dextran (F3029 Molecular Probes Fisher Technology Lot No. 983882 with 1.6 dye/mol of Dextran). 
Level of [free
Ca
2+ signal recording
Two eggs in turn, held opposite one another in the microfluidic chamber by suction pipettes (Ozil & Swann 1995) , were subjected to ICSI and then immediately washed by a super flux of M16 medium (10 µL/s) to 2+ responses were recorded inside a microfluidic device until the cessation of Ca 2+ oscillations. Eggs were checked for the presence of 2 or 3 PNs and then discarded. Ca 2+ records were automatically analyzed. The photo shows details of the ICSI procedure. After sperm deposition, the plasma membrane, made fluent by cytochalasin, was squeezed against the zona in order to close the plasma membrane onto itself by mechanical pressure and thus avoid any ions influx into the cytosol during the membrane healing period. After ICSI, eggs are immediately placed in the culture medium at 37°C. (Part 2) Oocytes were fertilized by ICSI and cultured in the incubator in the presence of M16 or KSOM for 4 h. Eggs with 2 PNs were cultured before being transferred into female recipients at the 1-cell at D 0 or 2-cell stage at D 1 according to the availability of recipients. Control eggs were fertilized in vivo and collected at the time of PN formation i.e. 3-4 h after fertilization. They were cultured in KSOM and transferred into female recipients as described for experimental eggs. The rate of animal growth was recorded up to the 8th week of age.
remove the ICSI medium. The chamber was positioned in the viewing field of a Nikon TE2000 inverted microscope fitted with a Fluor 40× oil immersion objective (NIKON). The optical field was illuminated by a 75-W Xenon arc lamp and wavelengths were selected at 340 ± 5 nm and 380 ± 5 nm by using a Cairn OptoScan Monochromator. Light emitted from the Fura 2 Dextran loaded eggs was transmitted to an EMCCD Photometric camera (EVOLVE Roper Scientific, USA). Intracellular [Ca 2+ ] levels were recorded in terms of a ratio of fluorescence (F340/F380) at 0.5 Hz from the minute following their deposition in the microfluidic chamber until the cessation of Ca 2+ oscillations. The intensity of UV light was highly attenuated by neutral dense (ND) filters (×32) to avoid cell heating and perturbing the permeation of Ca 2+ ions through the plasma membrane that manifests itself by a progressive acceleration of the Ca 2+ oscillation during the time course of recording (personal observation). The permanent flow of culture media in the microfluidic chamber, 1.4 µL/s at 37°C ± 0. Every Ca 2+ record was automatically analyzed using SigmaPlot 13.0 homemade macro scripts. Two parameters and one coefficient were used to characterize the whole Ca 2+ response:
1. The total number of Ca 2+ oscillations was counted by automatic peaks detection ( Fig. 2A) . 2. The duration of the Ca 2+ response was computed by number of the data points between the initial rise of the first oscillation and the peak of the last oscillation divided by the acquisition frequency (0.5 Hz; Fig. 2A ). 3. The linear regression coefficient 'a' between the row order of Ca 2+ oscillations and the time interval between n and n + 1 oscillation as detailed in Fig. 2B (y = ax + b, with y = time interval between oscillations; x = order). The regression coefficient, named TIbO, most closely estimates the step of time that is added after every Ca 2+ oscillation before the next oscillation pops up (Fig. 2B) . The details of the algorithm will be published elsewhere.
Culture media and embryo treatment
Monospermic eggs fertilized by ICSI were immediately put into 40-µL drops of either M16 or KSOM and cultured for 4 h (Fig. 1) . After 4 h, eggs with 2 PNs were cultured further in M16 until their transfer into pseudo-pregnant recipients either the day of the experiment at (D 0 ) or the next day at the 2-cell stage (D 1 ) depending on the number of recipients available at D 0 and D 1 . In vivo-fertilized eggs used as control were cultured in KSOM until their transfer to a recipient at D 0 or D 1 . 
Postnatal phenotype
Offspring were weighed weekly beginning the first week after the day of birth. The pups were weaned at the 4th week and males and females were separated and placed in groups at a maximum of 5 in independent cages. At the 8th week of age, animals were killed by cervical dislocation. The livers, kidneys, hearts, lungs, brains and fat were dissected out and weighed.
Statistical analysis
The data were analyzed using SigmaPlot automation analysis procedures (SigmaPlot 13.0 software). The sizes of the groups in Tables 2 and 3 are fairly small (less than 30). Approximate normality of observations was assumed for the purposes of this exploratory analysis. For data Table 2 , we applied unpaired t-test to test the differences between means without any correction for multiple comparisons in order to let the data speak for themselves and reveal their structure. For Table 3 , we applied chi-square (χ 2 ) test for analysis of contingency tables and Z-test analysis to compare the proportion of males vs females as indicated in the footnote. To detect whether two factors such as the culture media (three levels: M16, KSOM and control) and the day of transfer (two levels: D 0 and D 1 ) affect the animal growth until the 8th week of age, we used two-way ANOVA with all pairwise comparisons with Bonferroni t-test correction for every week and female and male animals separately (Table 4) . The difference in mean of organ weights and organ:bodyweight ratios according to the medium formulations were analyzed by one-way ANOVA (three levels: M16, KSOM and control) with pairwise multiple comparison procedures and Bonferroni t-test correction for female and male animals separately (Table 5 ). Since the determinism of the long-term impact is not known, the results and the signification of the statistical tests in Tables 4 and 5 should be regarded as a trend that merits further researches peering into the programming role of the fertilization process. Fig. 3A and B. The first oscillation always showed a series of very rapid dampened sinusoidal oscillations after the peak (Fig. 3) .
Results
Impact of the culture media formulation on the
The mean number of Ca 2+ oscillations was twice as high in KSOM as in M16, i.e. 18.8 ± 7.0 vs 9.2 ± 2.5 respectively (P < 0.001; Table 2 ). The mean durations of the Ca 2+ response were not significantly different (3 h 35 ± 36 min vs 3 h 19 ± 36 min respectively, Fig. 4A ) but the mean frequencies were significantly different (5.1 ± 1.5 vs 2.7 ± 0.4; P < 0.001, Table 2 ).
Regarding the evolution of the time interval between oscillations, Figs. 3A and B show that the time intervals Table 2 Calcium response parameters following fertilization by ICSI (monospermic or dispermic) in presence of M16, KSOM and various declinations of these two culture media formulations. (***P < 0.001); c (***P < 0.001); d (***P < 0.001); e (***P < 0.001); f (***P < 0.001); g (*P = 0.031); h (***P < 0.001); i (***P < 0.001); j (*** P < 0.001); k (***P < 0.001); l (***P < 0.001); m (***P < 0.001); n (***P < 0.001); o (***P < 0.001); p (**P = 0.004); q (***P < 0.001); r (***P < 0.001); between two consecutive oscillations were regularly incremented by a rather constant value. The mean value of TIbO coefficient (described above) most closely estimates this constant value, which corresponds to the mean step of time that regularly increments the time interval between two successive oscillations (TIbO value is shown for every record responses in M16 and KSOM. Time zero corresponds to the start of Ca 2+ recording in the microfluidic chamber occurring in less than 3 min following ICSI. The oscillations usually started in less than 1 min after the egg was held in the microfluidic chamber by pipette. The first oscillation is shown at higher temporal magnification on the left side of every record. A series of dampened sinusoidal super-oscillations can always be seen on the top of the first oscillation after an initial shoulder. We used the pattern of this first oscillation as a quality check of ICSI (see text). (A) Monospermic egg response in M16; (B) in KSOM; (C) dispermic egg response in M16; (D) dispermic egg response in KSOM. After a few hours, oscillations stop abruptly, sometimes with a slight increase of [Ca 2+ ] i that appears insufficient to trigger the n + 1 oscillation. This is called abortion of the last oscillation on the record. The number of oscillations, TIbO parameter with R and the total duration are shown for every single record. Table 2 ). So, in average, the mean time interval between two consecutive oscillations was increased by a time step that is 4 times less in KSOM than in M16. The relative functional dependence of the parameters upon themselves according to the culture media is shown on the diagram (Fig. 4A ). ] o to 3.4 mM in M16 (Table 1) essentially doubled the free Ca 2+ concentration (2.44 ± 0.23 mM vs 1.16 ± 0.10 mM; P < 0.001, Table 2 ). However, the mean number of Ca 2+ oscillations was not significantly increased (11.3 ± 4.2 vs 9.2 ± 2.5, Fig. 4B ), nor was the mean total duration of the responses (3 h 25 ± 54 min vs 3 h 19 ± 36 min, Fig. 4B ) or the mean frequency that increased to 3.6 ± 2 from 2.7 ± 0.4 but still remaining significantly below the 5.1 ± 1.5 mean frequency in KSOM (P = 0.031; Fig. 4A and B) .
Regarding the evolution of the time interval between oscillations, the means of TIbO were not significantly different (2 min 47 ± 2 min 11 vs 3 min 18 ± 2 min 38, Fig. 4B Table 2 ). However, in M16, dispermic fertilization increased significantly the mean frequency (3.6 ± 0.5 vs 2.7 ± 0.4; Fig. 4C ), which is associated with a slight reduction of the mean duration (2 h 49 ± 33 min vs 3 h 19 ± 36 min; Fig. 4C ). In both cases, the means of TIbO were not significantly different from their respective monospermic counterparts. Therefore, M16 and KSOM media both appear capable of cushioning the effect of dispermic ICSI but with higher intensity in M16 than in KSOM ( Fig. 4C and D) . In M16 deprived of MgSO 4 (M16-MgSO4 ), the mean number of Ca 2+ oscillations increased dramatically from 9.2 ± 2.5 to 54.0 ± 35.2 (P < 0.001; Figs 5A and 6A) along with an increase in mean duration from 3 h 19 ± 36 min to 4 h 14 min ± 31 min (P < 0.001; Fig. 6A ) and a significant increase in mean frequency from 2.7 ± 0.4 to 12.3 ± 7.1 (P < 0.001; Fig. 6A ). The TIbO was decreased from 3 min 18 ± 2 min 38 to 12 s ± 9 s (P < 0.001, Fig. 6A ). Therefore, the deprivation of Mg 2+ in M16 increased by almost 5.7 times the number of Ca 2+ oscillations, 1.27 times the total duration and decreased by 16 times the mean TIbO coefficient (Fig. 6A and Table 2 ).
Effects of deprivation of
Moreover, we can see that the pattern of the time courses of the peak amplitude of Ca 2+ oscillations (Fig. 5A ) took an M-shape with three phases: (i) the peak amplitude decreased while the frequency was rising; (ii) the peak amplitude re-increased while the frequency slowed down; (iii) the peak amplitude decreased again while the frequency continued to slow down before stopping. This pattern appeared typical of media deprived of Mg 2+ (Fig. 5A , E and F), and in this case, PNs were observed before oscillations stopped (data not shown).
In contrast, deprivation of [KH 2 PO 4 ] o in M16 (M16-KH2PO4 ) made no difference (Fig. 6B) . In KSOM X-M16 , the means of the number of Ca 2+ oscillations, frequency, duration and TIbO were not significantly different from those obtained in M16 ( Fig. 6C and Table 2 ) but were significantly different from those obtained in KSOM (the mean number of Ca 2+ oscillations decreased from 18.8 ± 7.0 to 10.6 ± 3.8; (P < 0.001); the mean frequency decreased from 5.1 ± 1.5 to 3.4 ± 1.0 (P < 0.001) and the mean of TIbO increased from 46 s ± 32 s to 3 min 20 ± 2 min 14 (P < 0.001); Fig. 6C ). Hence, the combined increase of MgSO 4 and KH 2 PO 4 in KSOM to their M16 levels was sufficient to restore almost the typical M16 Ca 2+ response (Fig. 6C) .
Reciprocal changes of [MgSO
In contrast with M16 X-KSOM , the mean number of Ca 2+ oscillations remained significantly lower than that in KSOM (12.3 ± 3.5 vs 18.8 ± 7.0) (P = 0.004, Fig. 6D ) and significantly higher than that in M16 (12.3 ± 3.5 vs 9.2 ± 2.5 (P = 0.008), Fig. 6D ). The mean duration was not significantly different ( Fig. 6D) , which made the frequency significantly lower than that in KSOM (3.2 ± 0.7 vs 5.1 ± 1.5; P < 0.001) but not significantly different from the frequency obtained in M16 (3.2 ± 0.7 vs 2.7 ± 0.4; P = 0.054). The mean TIbO remained significantly higher than the mean TIbO in KSOM (2 min 11 ± 1 min 10 vs 46 s ± 32 s (P < 0.001) but not significantly different from the TIbO obtained in M16 (2 min 11 ± 1 min 10 vs 3 min 18 s ± 2 min 38 s, Fig. 6D ). Hence, the combined decrease of MgSO 4 and KH 2 PO 4 in M16 to their KSOM levels was insufficient to restore the typical KSOM Ca 2+ response (Fig. 6D) We shall henceforth refer to such formulations as M16-0-0-4 and M16-0-0-1 respectively throughout the text.
The mean number of Ca 2+ oscillations obtained with M16-0-0-4 (see record Fig. 5E ) was not statistically different from those obtained with M16-MgSO4 (57.8 ± 22.2 vs 54.0 ± 35; Table 2 ). However, with M16-0-0-1 (see record Fig. 5F ), the number of Ca 2+ oscillations increased significantly from 57.8 ± 22.2 to 83.2 ± 28.2 (P = 0.042, Table 2 ); the duration and the frequency were not significantly different but the TIbO decreased significantly from 8.2 s ± 3.8 s to 4 s ± 1.9 s (P = 0.009; To better envision whether the TIbO coefficient correlates with the number of Ca 2+ oscillations and can describe egg functioning whatever the culture media, we plotted a fitting line through all data (n = 134) with TIbO on the X-axis and the numbers of Ca 2+ oscillations on the Y-axis (Fig. 7) . The plot shows that the numbers of Ca 2+ oscillations was a decreasing function of the TIbO with a high correlation coefficient (R = 95.3%). It showed a constant relationship between TIbO and the number of Ca 2+ oscillations for every egg whatever their interindividual Ca 2+ response variabilities (Fig. 7) . Table 3 ).
Developmental responses following ICSI in the presence of M16 and KSOM
Rate of egg activation and cleavage following ICSI
Rate of survival to term
Among ICSI eggs cultured in M16 ('M16' eggs), 216 eggs (2-PN or 2-cell) were transferred into 27 recipients. Thirteen of them (48.2%) gave birth to 42 live pups (40.4%) but 2 died within the first week. The second column represents the experimental values ordered by increasing value from the bottom. We can see that the predictive values are very close to the experimental data. This graph makes it possible to see that the TIbO coefficient has predictive power whatever the interindividual variabilities of the egg functioning. In every culture medium formulation, the Ca 2+ response appears determined by a common functional logic.
Among ICSI eggs cultured in KSOM ('KSOM' eggs), 200 eggs (2-PN or 2-cell) were transferred into 25 recipients. Fifteen of them (60%) gave birth to 41 live pups (34.2%) but 2 died within the first week (Table 3) .
Regarding in vivo-fertilized egg ('control' eggs), 48 eggs (2-PN or 2-cell) were transferred into 6 recipients. Five of them (83.3%) gave birth to 26 live pups (65.0%) ( Table 3) .
The rates of live pups from the number of eggs transferred were not significantly different between 'M16' and 'KSOM' but both of them were significantly lower than the 'control' (19.4% and 20.5% vs 54.2%; P < 0.001; χ 2 test, Table 3 ), as well as the rate against the number of eggs transferred into the pregnant recipients (40.4% and 34.2% vs 65%; P < 0.001; χ 2 test, Table 3 ). The mean litter sizes at birth between experimental 'M16', 'KSOM' and 'control' were not statistically different (3.2 ± 1.1; 2.7 ± 1.9 and 5.2 ± 1.7 respectively by Z-test; Table 3 ). Regarding the sex ratio, there is no significant difference between the proportions of males and females in every group (Z test). No statistical impact of the day of egg transfer i.e. D 0 at 2PN stage or D 1 at 2C stage on the rate of live pups or the pregnancy rates was detected (Table 3) .
Postnatal growth until the 8th week of age
The growth of the 'M16' females from the 1st to the 8th week of age was always significantly higher than that of the 'KSOM' females whatever the day of transfer (D 0 or D 1 ; Table 4 ). However, the females issued from 'control eggs' that were fertilized in vivo but cultured in KSOM before their transfer had a higher growth rate than the females issued from the 'KSOM eggs' (see diagram Figs 1, 8A and Table 4 ). Regarding the males, the 'control eggs' tended to have a higher growth than 'M16 eggs' after week 3, but no statistical difference were detected between 'KSOM' and 'M16' groups ( Fig. 8B and Table 4 ).
Organs allometry of mice at the 8th week of age
Post-mortem examination of selected organs (hearts, livers, lungs, kidneys, brains) and white fat around the kidneys and gonads at the 8th week showed that 'M16' females had more than twice the fat deposit than that measured in 'KSOM' females at the 8th week, i.e. 285.2 ± 140.9 vs 135.3 ± 49.5 mg respectively (Table 5 ). In contrast, we found that the 'M16' males had an average of 26% more fat deposit than the 'KSOM' males (but not statistically significant), and a significant increase in the lung:bodyweight ratio (Table 5) . Interestingly, 'M16' females displayed significantly smaller brains and smaller brains relative to their body mass than 'KSOM' females while 'M16' males also displayed significantly smaller brains and smaller brains relative to their body mass than the 'control' (Fig. 9A, B and Table 5 ). , Wakai et al. 2011 , Swann 2013 ) and its extreme sensitivity to perturbations due to methodologies and technical settings that can lead to misinterpretations (Swann 2013 ). We used a microfluidic chamber (Ozil & Swann 1995 , Ozil et al. 2006 ) to keep eggs spiking in a constantly refreshed environment throughout the period of egg activation. Moreover, fertilization by ICSI is known to perturb Ca 2+ homeostasis by causing extra Ca 2+ influx due to the puncture of the plasma membrane (Tesarik & Sousa 1995 , Sato et al. 1999 , Yanagida et al. 2001 . As a quality check of ICSI procedure, we systematically caught the initial rise of the Ca 2+ oscillation. Then, if the initial Ca 2+ oscillation appeared normal (Deguchi et al. 2000 , Saunders et al. 2002 , Ozil et al. 2005 , i.e. always occurring within a similar time span observed after fertilization, i.e. 3-4 min following ICSI (Figs 3 and 5) (Lawrence et al. 1997) , Ca 2+ recording was validated and continued. With our ICSI protocol, this first large Ca 2+ oscillation was always followed by a series of shorter transient Ca 2+ oscillations (Figs 3 and 5) that also displayed a couple of super-oscillations on the top (data not shown). This experimental setting makes it possible to record the whole series of Ca 2+ oscillations and discard artifactual responses due to ICSI or malfunctioning of the technical set-up.
Analysis of the Ca 2+ responses in the presence of different media makes it possible to identify a new metrics: the TIbO parameter
The near linear increment of the time delay between oscillations appears to be a common characteristic of the Ca 2+ responses at fertilization in mice, whatever the culture media diversity. This finding (see examples Fig. 2) suggests that the Ca 2+ responses, once fertilization has occurred, have a predictable nature, which is dependent on the culture media. Furthermore, the fact that all eggs were activated clearly shows that medium formulation is capable of supporting higher numbers of Ca 2+ oscillations than the minimum needed for the activation of the developmental processes (i.e. 4 oscillations in M16, data not shown). Moreover, the fact that an empirical regression line most closely describes the association between TIbO and the total number of Ca 2+ oscillations (Fig. 7 ) strongly suggests that Ca 2+ influx, which is known to be the trigger of Ca 2+ oscillations (Miyazaki 2007 , Takahashi et al. 2013 ) is faithfully coupled with an unknown mechanism that adds a delay in ascending order before triggering the next oscillation and causes cessation of oscillations when the time interval reaches a maximum. In addition, we can see that the characteristics of the TIbO coefficient with its y-intercept makes it possible to predict not only the total number of oscillations but also the total duration of the ] in M16 from 1.16 to 2.44 mM (Table 2) did not significantly increase the mean frequency to the level displayed in KSOM because the means remained significantly different (3.6 ± 2 vs 5.6 ± 1.6 (P = 0.031); Fig. 4B ). Moreover, dispermic fertilization, which is thought to double the amount of the PlCζ and increase the frequency as previously shown by Faure and coworkers did not significantly increase the mean number of oscillations and the mean duration in both the M16 and the KSOM (Fig. 4C and D) ; it increased the mean frequency in M16 (2.7 ± 0.4-3.6 ± 2; P < 0.001; Fig. 4C ) but not in KSOM (Fig. 4D) (Faure et al. 1999) . This shows that the effect of polyspermy on the Ca 2+ response is media formulation dependent (see further below). However, regarding the pace, some reports have shown that whatever the degree of polyspermy, the frequency of Ca 2+ oscillations tends to increase during Ca 2+ recording (Faure et al. 1999) . At this stage, it is difficult to understand why the Ca 2+ response would accelerate before stopping after some time. In our hand, acceleration of Ca 2+ oscillations only occurred when eggs were exposed to UV light that was not sufficiently attenuated by ND filters. In this case, Ca 2+ oscillations started to accelerate slowly, they never stopped and very often the resting [Ca 2+ ] i level increased and eggs ended up by dying suggesting that acceleration could originate from a detrimental effect of the UV light when the frequency of data acquisition is high; here, 0.5 Hz for several hours. Therefore, comparison of frequency with previous reports can be done when records did not display acceleration of Ca 2+ oscillations. For example, our results fit well with a recent report showing that when ICSI eggs were subsequently injected with a single equivalent dose of PlCζ, about doubling the dose of PlCζ, the increase in number of Ca 2+ oscillations in KSOM was only marginal (Sanusi et al. 2015) .
Therefore, we can see that despite the extreme sensitivity of PlCζ to tiny [Ca 2+ ] i elevation (Rice et al. 2000 , Kouchi et al. 2005 , Nomikos et al. 2005 , Swann 2013 , neither the doubling of the free [Ca 2+ ] o nor dispermic fertilization are capable of significantly getting over some unknown functional constraints imposed by the formulation of M16 or KSOM medium that make the Ca 2+ responses different. In contrast, when the Mg 2+ ion was removed from the M16, the Ca 2+ responses were dramatically changed (Table 2) . These results draw attention to the role of external [Ca 2+ ] o and [Mg 2+ ] o and their ratio in controlling the Ca 2+ response. Mg 2+ is known to be a natural weak Ca 2+ flux blocker (Iseri & French 1984 , Lansman et al. 1986 , Hartzell & White 1989 and well-known inhibitor of some members of the TRP cationic non-selective plasma membrane channels, which are expressed in mouse oocytes (Carvacho et al. 2013 (Carvacho et al. , 2016 .
It has been proposed that Ca 2+ influx mostly supports Ca 2+ oscillations by ensuring the replenishment of the Ca 2+ stores in advance of the next oscillation suggesting that refilling the Ca 2+ stores during the time course of the Ca 2+ response is the pacemaker of the oscillations (Takahashi et al. 2013 , Wakai et al. 2013 . The M-shape pattern of the time course of [Ca 2+ ] i oscillations seen in Fig. 5A , E and F clearly shows that high frequency runs down the Ca 2+ oscillation peak amplitude while subsequently, when the frequency is slowed down, the peak amplitude is restored. It thus appears that the mechanism that sets the pace might not require the full replenishment of the Ca 2+ stores. In addition, the M-shape pattern suggests that when the intensity of Table 4 Animal weight from the 1st to the 8th week of age according to 3 media, 2 days of transfer and 2 genders. (Brind et al. 2000 , Malcuit et al. 2005 , Lee et al. 2006 because here the total duration increased from 3 h 19 ± 36 min in M16 to 4 h 14 min ± 31 min in M16 without Mg 2+ (Fig. 6A) . From these observations, we can conclude that the external [Mg 2+ ] o / [Ca 2+ ] o ratio has a critical function in controlling the pace of oscillations probably through the intensity of transmembrane Ca 2+ influx. In contrast, removing external H 2 PO 4 − , which is a powerful Ca 2+ complexing agent (Zoeteweij et al. 1993 , Dutka et al. 2005 , Allen et al. 2011 , has no apparent impact on either the free Ca 2+ in M16 or the Ca 2+ response (Fig. 6B and (Fig. 6D) while KSOM X-M16 does mimic M16 response (Fig. 6C ). Therefore, it is possible that high external (BSA), which is 4 times higher in M16 than that in KSOM, can contribute to slow down the pace of the Ca 2+ response by a still unknown mechanism (Fig. 5E, F (Lansman et al. 1986 ). Such intra-channel stabilization of Mg 2+ ions might be responsible for the progressive blockage of Ca 2+ permeation each time Ca 2+ entry is stimulated following every Ca 2+ oscillation (Mohri et al. 2001 , Takahashi et al. 2013 Fig. 10 ). The cessation of the Ca 2+ oscillations might also correspond to the time when the intra channel pores have accumulated a sufficient amount of Mg 2+ to fully block any Ca 2+ permeation into the cytosol (diagram Fig. 10 ). In the absence of external Mg 2+ , the Ca 2+ influx is not inhibited (Fig. 5A , E and F) and thus might override several mechanisms that are known to stop Ca 2+ oscillations such as: (i) the depletion of Ca 2+ stores (Takahashi et al. 2013 , Wakai et al. 2013 ); (ii) the progressive downregulation of the desensitization of IP3R (Jellerette et al. 2000) and (iii) sequestration of PLCζ in PN (Marangos et al. 2003) . Evidence of this precedence is the fact that oscillations still occurred when PNs were visible (data not shown).
In mice, studies have indicated that divalent-selective ion channels such as TRPM7 and TRPM6 are involved Table 5 Mean organ weight (g) and organ/body weight ratios of female (n = 12 for control; n = 7 for M16 and 13 for KSOM) and male offspring (n = 12 for control n = 7 for M16 and 10 for KSOM) at 8th week of age. (Komiya et al. 2014 ) and are required for early development in the mouse (Liu et al. 2011 , Carvacho et al. 2016 . The overall results suggest that an accumulative blockage of Ca 2+ influx (here named ABCI) induced by external Mg 2+ might explain the time step that builds on the TIbO coefficient (see diagram Fig. 10 ). Moreover, it is possible that this singular phenomenon helps interpreting the fact that the slight increase in frequency caused by dispermic fertilization (Fig. 4C and D) correlates with a slight decrease in total duration. It is possible that any increase in frequency due to higher dose of PLCζ, other things being equal, will accelerate the termination of the Ca 2+ response because the full blockage of the Ca 2+ influx by Mg 2+ will occur earlier due to the hypothetic ABCI mechanism as can be seen on Fig. 4C and D. It would be interesting to see whether the termination of the Ca 2+ oscillations is associated with the saturation of divalentselective ion channels by Mg
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. Another possible demonstration of the ABCI model will require measuring the evolution of the duration of the pacemaker phase that precedes every Ca 2+ oscillation during the time course of the Ca 2+ response (Fig. 10) . However, regarding the large interindividual variabilities of the Ca 2+ responses in all groups (Table 2) , further studies should determine what the respective roles played by the sperm in delivering various dose of PLCζ are (Kashir et al. 2014) and that of the mature oocytes with their varying number of functional divalent-selective ion channels (Carvacho et al. 2016 ) that might contribute to building up the diversity of the Ca 2+ responses at fertilization.
Do the development stages and adult phenotype correlate with the Ca 2+ response at fertilization?
Developmental stages
In contrast to the change of the Ca 2+ responses between M16 and KSOM, no difference was found in the rate of egg activation and cleavage to 2-cell or in the rate of live pups by pregnant recipients between the media (Table 3 ). Despite the fact that these rates of live pups were comparable with those obtained when ICSI eggs were transferred at the 2-cell stage (Kuretake et al. 1996 , Lacham-Kaplan et al. 2003 , the survival rate by eggs transferred remains significantly low compared with eggs fertilized in vivo but cultured in KSOM (19.4% and 20.5% vs 54.2% respectively, P < 0.001, Table 3 ) as well as the survival rate among the pregnant recipient (40.4% and 34.2% vs 65% respectively, Table 3 ). However, given the range of the number of Ca 2+ oscillations in 'M16' (4-14) and 'KSOM' (9-31), it is impossible to determine if 'M16' or 'KSOM' offspring are issued from similar or different Ca 2+ responses (the TIbOs overlap, Fig. 7) . The lower survival rates are not in either case due to aberrant Ca 2+ signaling induced by ICSI (Table 2) . We assume that the use of cytochalasin for a couple of minutes at room temperature before ICSI that made the plasma membrane malleable or the short time spent in ICSI media (see 'Materials and methods' section) were not detrimental because the effect of cytochalasin is highly reversible (Balakier & Tarkowski 1976) that other phenomena related to ICSI, not mirrored in the Ca 2+ response, such as the delay between the full disintegration of the plasma and nuclear membranes of the sperm once injected into the cytosol (Kuretake et al. 1996 , Knott et al. 2003 , Yanagimachi 2005 , Morozumi et al. 2006 ] o ratios during the fertilization period might help understand the role of Ca 2+ oscillations in sperm cell remodeling and perhaps improve the survival rate to term after ICSI.
Adult phenotype
The growth rates (Fig. 8 and Table 4 ) clearly show sexspecific effects of culture media, which have already been widely described and studied in the mouse (Fernandez-Gonzalez et al. 2004 , Watkins et al. 2007 , Banrezes et al. 2011 , Donjacour et al. 2014 , Feuer et al. 2014a ) and in some reports in human following IVF (Ceelen et al. 2008a ,b, Kleijkers et al. 2014 . Though the present results contribute to narrowing the time window down to the first 4 h during which culture media affects the postnatal response in a sex-specific manner.
The experimental design (Fig. 1) demonstrates that the differences in the female growth rates were mostly induced by the nature of the external media during the short period between fertilization and PNs formation for the following reasons:
1. The differences in growth between 'M16' and 'KSOM'
were due neither to the litter size, which were similar (Table 3) nor to the duration of the culture period in M16 after the PN stage because the growth rate issued from eggs transferred at D 0 or D 1 are similar in all cases (Table 4) . 2. The differences between 'M16' and the 'control' were small (Fig. 8) , showing that after PNs formation, the use of the M16 for experimental eggs or KSOM for 'control' for a limited time in culture had no apparent impact on the growth. 3. The difference between 'M16' and 'KSOM' groups is highly significant. Therefore, given points 1 and 2, it appears that the most sensitive time window to the formulation of the culture medium is the short time period between fertilization and the PNs stage.
Hence, these results confirm an earlier study that the period of egg activation is a very sensitive time window where any functional perturbation might have developmental consequences (Ozil et al. 2006 , Ducibella & Fissore 2008 including the survival rate to term.
Regarding organ allometry, the present results show that the weight of several organs and the organ:bodyweight ratios issued from animals of the 'M16' group, in particular the brain, were significantly lower than the 'control' and the 'KSOM' group ( Fig. 9 and Table 5 ). Regarding the femalespecific fat deposit in the presence of M16 (Fig. 9 and Table 5 ), our observations are consistent with other reports on IVF of mice issued from eggs cultured in Whitten media (Feuer et al. 2014b) . This group has shown that IVF and prolonged in vitro culture to blastocyst stage in Whitten media increases postnatal fat accumulation and glucose metabolism in female mice. They revealed broad changes in metabolic homeostasis characterized by systemic oxidative stress and mitochondrial dysfunction (Feuer et al. 2014b ), but they did not record Ca 2+ signaling at fertilization. At this stage, we can only suggest that these long-term impacts are mostly linked with the initial 4-h period following fertilization. A preliminary study on differential miRNA expression at PNs stage following fertilization by ICSI suggests that early transcription of maternal mRNA is indeed associated with the intensity of Ca 2+ activity (Barrey et al. 2014 ) and reinforces previous suspicions regarding the role of Ca 2+ oscillations at fertilization in gene expression (Ozil et al. 2006) .
For this reason, any empirical intervention at fertilization in human IVF or prolonged in vitro culture should be avoided as previously mentioned (van Blerkom et al. 2015) until extensive scrutiny of longterm phenotypic and epigenetic consequences are carry out in mice or other animal models.
Conclusion and perspectives
The major findings of this study are: (i) the time intervals between oscillations increase almost linearly during the time course of egg activation; (ii) the TIbO coefficient that measures the time increments between two successive oscillations varies according to the external [Mg 2+ ] o / [Ca 2+ ] o ratio; (iii) the external Mg 2+ might cause an accumulative blockage of Ca 2+ influx (ABCI) during the time course of Ca 2+ oscillations; (iv) the ABCI might constitute a reliable counting mechanism that stops oscillations when the incremental phenomena has totally blocked Ca 2+ ions permeation by stabilization of Mg 2+ inside the lumen of divalent-selective ion channels; (v) the adult phenotypes after fertilization by ICSI appear highly sensitive to culture media formulation during the short time window between the time of ICSI and the time of PNs formation.
In addition to providing new insight into the mechanism of Ca 2+ oscillations, the apparent faithful mechanism of ABCI that sets the total numbers of Ca 2+ oscillations, offers a physiological mean to tune at will the number of Ca 2+ oscillations by varying external (Morbeck et al. 2014) . In our hands, COOK and VITROLIFE media generated 5 ± 0.8 oscillations (n = 12) and 5 ± 1.4 oscillations (n = 15) respectively (unpublished data). Therefore, it clearly appears that high concentration of Mg 2+ locks up the number of Ca 2+ oscillations to few Ca 2+ oscillations with low variability, whereas removing Mg 2+ will unleash the regime of Ca 2+ oscillations with greater interindividual variability. Since the redox parameters have been shown to have postnatal impacts (Banrezes et al. 2011) , the present results highlight the critical role of medium formulation during the period of fertilization. Yet, we do not know what the range of Ca 2+ responses is when eggs are fertilized in vivo and why they have higher survival rate (Table 3) . A very recent report shows that some in vivo-fertilized eggs with sperm derived from Plcz1 −/− males that fail to trigger Ca 2+ oscillations can develop to term albeit at greatly reduced efficiency (Hachem et al. 2017) . However, since it has been shown that low ionic strength media has the capability to trigger monotonic large Ca 2+ release from internal stores in non-fertilized eggs (Ozil & Swann 1995) , it might be possible that the oviductal fluid has some unknown but specific properties that make the Ca 2+ response different from in vitro fertilization. As we have no access to the Ca 2+ response in vivo, testing the survival rate and health of mice fertilized in vitro in media with various combinations of [Mg 2+ ] o /[Ca 2+ ] o and pyruvate/ lactate ratio could make it possible to determine the best combination of compounds that optimizes the production of ATP (Campbell & Swann 2006) and sets the best NADH and FADH 2 redox potential (Dumollard et al. 2009 , Banrezes et al. 2011 . Media formulations gauged by TIbO could become an active means to better understand the role of early Ca 2+ oscillations and the mitochondrial response in the developmental processes, and probably improve the survival rate and health of ART children across the life course (Feuer & Rinaudo 2017) .
It remains to be learned whether the ABCI mechanism is present in other animal and human species at fertilization.
